Experiments were conducted to propose correlations of fuel spray tip penetration of a direct-injection injector fed with ethanol, butanol, isooctane, gasoline, and associated blends at different injection and ambient pressures. Correlations are proposed that enable predicting spray tip penetration as a function of fuel properties. The main findings are that alcohols offer less penetration than isooctane and gasoline, which have similar behaviour at 295 K. Ambient density played a major role in spray tip penetration, while the boiling temperature and enthalpy of vaporization were important fuel properties under warmer conditions. Keywords: fuel spray; ethanol; butanol; fuel properties; direct-injection; correlations.
INTRODUCTION
Gasoline direct-injection (GDI) technology is gaining in popularity with engine manufacturers because of its lower fuel consumption and higher power output compared to port fuelled spark ignition engines. Moreover, ethanol is now common in many countries and is used as a gasoline additive to create low-level ethanol blend such as E10 or a high-level ethanol blend such as E85. The future success of GDI technology depends upon the mixture formation process and as such single and multi-holes injectors have recently been developed. Therefore, studies pertaining to the fuel spray penetration of GDI injectors have started appearing in the literature and are briefly reviewed herein.
For example, Pielecha et al. [1] used a piezoelectric gasoline injector to study the influence of injection pressure (P inj ) and ambient pressure (P amb ) on gasoline spray penetration and cone angle. They showed that increasing P amb simultaneously reduced the fuel spray penetration and cone diameter. Such observations were also reported by Martin et al. [2] with a 95% isooctane/5% n-heptane fuel. They also looked at the effect of the ambient temperature (T amb ) on spray penetration, concluding it was small compared to that of P amb .
The influence of ethanol concentration on fuel spray has been investigated, for example, by Park et al. [3] , who studied gasoline, pure ethanol, and E85 spray characteristics. They found that, with a P inj of 8 MPa and a P amb of 0.1 MPa, the spray penetration was slightly higher for pure ethanol, followed by E85 and then gasoline, which offered the least penetration. Park et al. observed that the effect of P inj on fuel spray tip penetration was more pronounced on pure ethanol than the other two fuels. On the other hand, Aleiferis et al. [4] reported that isooctane offered a greater penetration than E85 at a temperature of 393 K and a P amb of 0.05 MPa by nearly 5 mm after 1 ms. Their study was conducted with a 6-hole GDI injector. They observed that with a P amb of 0.1 MPa and a T amb of 293 K, isooctane and gasoline offered the same spray tip penetration. When the T amb was increased to 393 K, however, isooctane had a greater penetration than gasoline by nearly 10 mm after 1 ms. Zigan et al. [5] also reported this change in behavior as a function of T amb but for different fuels. They showed that n-hexane was slightly more sensitive to T amb change (from 298 K to 348 K, in their case) than n-decane, which could be explained by the fact that the boiling temperature of n-hexane was below their highest temperature. Their experiments were conducted with a 6-hole gasoline solenoid injector fed at a pressure of 10 MPa. Finally, Gao et al. [6] measured the fuel spray tip penetration of different gasoline-ethanol blends and found a slight reduction in penetration with increasing ethanol content in the blend when the fuels were injected at a pressure of 5 MPa and a P amb of 0.1 MPa. The increase in P amb to 0.5 MPa further reduced the differences among the different blends.
From this survey, it can be concluded that fuel spray tip penetration is dependent upon fuel pressure, P amb , and fuel properties, since Zigan et al., [5] identified fuel boiling temperature as a property playing a role in a warm environment. It thus appears important to quantify the influence of fuel's physical properties on the spray tip penetration of GDI injector. The main objective of this paper is to propose correlations that enable prediction of fuel spray tip penetration, taking into account the effects of P inj , P amb and temperature, and, more importantly, fuel properties. To achieve this main objective, fuel spray tip penetrations were measured experimentally with different fuels so as to cover conventional fuels such as isooctane and gasoline, since the former is often considered a substitute for the latter in fuel spray and combustion experiments. The experiments also cover biofuels such as ethanol, which is widely used, and butanol, which has spurred interest recently because its low heating value falls between that of ethanol and gasoline. The paper presents the influence of P inj , P amb , T amb , and injection duration. It shows that spray tip penetration can be divided in two phases, and a correlation is proposed for each of them, making it possible to characterize the influence of fuel properties on spray tip penetration. A transition time between both phases is also defined based on the correlations. 
EXPERIMENTAL METHOD
The experimental setup consisted of a constant volume chamber; a Siemens single-hole, first-generation GDI injector; a fuel system; and visualization instrument. The constant volume chamber had a diameter of 15 cm and a height of 21 cm, while the fuel spray tip could be viewed through a sapphire window. The chamber was pressurized with bottled air. The single-hole injector (Siemens Deka II), centrally located in the chamber has a 0.5 mm nozzle diameter while the needle was activated by a solenoid. The injector was energized by an electronic control unit that allowed pulse-width duration of 1 to 4 ms. The fuel system comprised an accumulator that was pressurized with nitrogen up to a fuel pressure of 10 MPa. A Photron Fastcam APX high-speed camera at 4,000 frames/sec was used with direct lightning. The experimental setup is similar to the one used by Delacourt et al. [7] and Roisman et al. [8] . Figure 1 shows the experimental setup; Table 1 presents the fuel properties used herein. The density and boiling temperature of gasoline were taken as being the average density and the temperature at which 50% of the mass evaporates (T50) on a distillation curve, respectively. After data acquisition by the high-speed camera, images were post-treated with NASA's Spotlight-16 Image Analysis Software [9] to measure the liquid fuel spray tip penetration which is defined as the farthest liquid length on the axis below the fuel injector nozzle. From the software, a database was generated and provided the coordinate of the pixel where the fuel spray tip is located for each image. The coordinate were then converted into a distance in mm.
The influence of fuel P inj was studied by varying it from 5 to 10 MPa by increments of 1 MPa for a constant P amb of 0.5 MPa. The tested P inj corresponds to the range of normal operating pressure of the injector. The influence of P amb (0.1, 0.25, 0.5, and 1 MPa) is similar to the range of in-cylinder pressure encountered in unthrottled GDI under homogenous and stratified injection strategies and was studied at a P inj of 8 MPa. Pulse-width durations of 2, 2.5, 3, 3.5, and 4 ms were also tested, while the influence of T amb was studied at 295, 350 and 400 K which are representative of GDI in-cylinder temperature at injection timing. Overall, more than 100 different experiments were run.
The repeatability of the fuel spray tip penetration was assessed by comparing under the same conditions (P inj of 8 MPa, P amb of 0.1 MPa and injection duration of 2 ms), 3 different injection events with gasoline. The results showed a very good repeatability as shown in Table 2 which presents the average spray tip penetration as a function of time along with the standard deviation and coefficient of variation. Furthermore, a global uncertainty of 8.6% was calculated for the different experiments following the method proposed by Devries et al. [12] .
RESULTS
This section presents each parameter that was studied experimentally. As will be shown, the fuel spray tip penetration can be divided into two distinctive phases with different slopes. Based on these results, correlations of the fuel spray tip penetration are presented, putting into evidence the relative weight of fuel properties. A transition time between both phases is then proposed and expressed as a function of fuel properties. Figure 2 presents the fuel spray tip penetration as a function of time for all fuels at two different injection pressures and from which a linear relationship with time can be observed during the first 2 ms, approximately. This linear relationship between fuel spray tip and time is driven by the fuel jet momentum and corresponds approximately to the injector's pulse-width duration. This linear part of the fuel spray tip penetration is followed by a nonlinear penetration of changing slope that flattens with time. This change in the spray behavior between both phases will be defined more precisely in the discussion section that follows. The second observation is the difference of fuel spray tip penetration as a function of fuel that shows this order, from the deepest to shallowest penetration: gasoline ≥ isooctane > butanol > ethanol. These results are in accordance with Gao [6] , who reported a reduction of fuel spray tip penetration for ethanol compared to gasoline, and the results of Alefeiris et al. [4] , who reported similar fuel spray tip penetration for gasoline and isooctane at 293 K and a P amb of 1 bar. The results differ from Park et al. [3] , however, who observed a longer penetration for ethanol than for gasoline in the first spray of a double-injection strategy with a swirl DI injector. The greater fuel spray tip penetration of gasoline with respect to butanol and ethanol is likely due to the heavy molecules in gasoline, which take longer to evaporate [3, 6] . Similarly with the pure substances herein, the results show that the higher the molecular weight, the deeper the spray tip penetration. However as it will be shown later (see section ambient temperature) fuel droplet evaporation, through fuel properties, is a determining factor for spray tip penetration. Figure 3 illustrates the influence of P inj for isooctane (left) and butanol (right) only, as the difference reported in spray tip penetration between all fuels in Fig. 2 still holds true. The first observation is that the increase of P inj provides an increasing slope in the fuel spray tip for the momentum-driven part of the injection process (injector open). This can be explained by the fact that increasing P inj translates into higher initial fuel spray tip velocity, as was shown by Delacourt et al. [7] for diesel spray. This increased velocity, in turn, increases the slope during injector opening time, regardless of fuel. Figure 4 (left and right) depicts the influence of the P amb , which varied between 0.1 MPa and 1 MPa, on spray tip penetration for isooctane and butanol, respectively. Again, the difference observed in fuel spray tip penetration between all fuels (Fig. 2) still holds true for the influence of P amb . As shown in Fig. 4 , the increasing P amb translated into a slight decrease of the slope during the momentum-driven part of the injection process and a decrease of maximum fuel-spray-tip penetration. This spray behavior is in accordance with the results reported by Martin et al. [2] . The influence of P amb was twofold. First, it influenced the difference of initial fuel-spray momentum, as characterized by the difference between P inj and P amb . Second, the P amb changed the environment density in which the spray propagated, thereby affecting fuel droplet drag, which decreased fuel spray velocity and spray penetration. Figure 5 presents the influence of T amb on the fuel spray tip penetration for temperatures of 295, 350, and 400 K for a P inj of 6 MPa, an P amb of 0.5 MPa, and an injection pulse-width duration of 2 ms. Ambient temperature has a twofold effect. First, spray tip penetration is dependent upon fuel vaporization, which depends on fuel properties such as boiling temperature and enthalpy (h f g ) of vaporization. Figure 5 compares butanol (left) and ethanol (right), which have different fuel properties. Butanol evidenced a greater reduction in fuel spray tip penetration than ethanol when the temperature was increased from 295 K to 400 K. The greater impact of the T amb for butanol can be explained by its lower h f g than ethanol as the boiling temperature of ethanol is lower than the boiling temperature of butanol as was presented in Table 1 . The second influence of increasing the T amb at constant pressure is a decrease in ambient density which influences the linear slope of the spray tip penetration as was observed previously in the section on ambient pressure. This latter phenomenon is more visible in Fig. 5 (right) for ethanol where a greater linear slope is observed with increasing T amb as it is less prone to evaporation compared to butanol. If one compares the reduction of fuel spray tip penetration between 295 K and 400 K and considering that the latter temperature is above the boiling temperature of both fuels considered in Fig. 5 , it appears that the h f g plays a major role in the fuel spray tip penetration. Ethanol demonstrated a lesser reduction of fuel spray tip penetration than butanol when the temperature was increased from 295 to 400 K. This observation is also supported by experimental results of Knorsch et al. [13] who observed for different fuels that droplet evaporation is mainly controlled by h f g under high P amb and temperature while the boiling temperature is the dominant properties at low P amb .
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Lastly, Fig. 6 gives the influence of the pulse-width duration on the isooctane spray tip penetration for injection durations of 1.5 ms to 4 ms. Injector activation increased the duration of the linear slope of spray tip penetration, which is dependent on the momentum provided by the pressure difference between P inj and P amb . Figure 6 shows a constant linear slope for all pulse-width durations during the first phase of the spray. For the shorter injection (1.5 ms), the observed initial non-linear behavior in fuel spray tip penetration is probably due to the transient opening and closing of the injector's needle which represent, based on manufacturer data, a total time of more than 0.8 ms which is non-negligible with respect to the injection pulse-width.
DISCUSSION
Some general conclusion can be drawn from the results above. First, fuel spray tip penetration can be divided into two different phases. The first phase is characterized by a linear behavior of the fuel spray tip as a function of time that lasts approximately the duration of the injector's pulse-width. During the second phase, the fuel spray tip slows down, which translates into a slope that flattens with time. Second, the fuel spray tip penetration is dependent upon the fuel properties (as shown, for example, in Fig. 2 ), since different fuels evidenced different fuel spray tip penetrations at equal P amb and P inj . The ambient conditions (temperature and pressure) impact the spray by influencing ambient density, droplet's drag and fuel droplet evaporation, such as in Fig. 5 , because of the fuel's properties. Based on these observations, two correlations are proposed for each phase of the spray tip penetration that take into account the physical conditions of the injection process (P inj , P amb , and T amb ) and the fuel's physical properties.
The general form of the proposed correlations follows that of Kostas et al. [14] , Hiroyasu et al. [15] , and Borman and Ragland [16] and is presented by
where S (mm) is the fuel spray tip penetration; t the time in ms; K fuel a constant associated with the injector geometry and behavior, and fuel properties; ∆P (in MPa) the pressure difference between P inj and P amb ; ρ amb (in Kg/m 3 ) the ambient air density, and T ref the reference temperature (295 K). Lastly, x, y, and z are the relative weight of the parameters to fit the correlation to the experimental data with a least-squares method using Statgraphics [17] and the Levenberg-Marquardt algorithm. Equation (2) is proposed to allow determining K fuel of Eq. (1) to be expressed as a function of fuel properties. The main fuel properties that were identified based on the experimental results as influencing the fuel spray tip penetration are fuel density ( f fuel in Kg/m 3 ), enthalpy of vaporization (h f g in KJ/kg), and fuel boiling temperature (T boil,fuel in K). The fuel properties, namely ρ fuel and h f g , were evaluated at a temperature of 295 K and at T boil,fuel respectively and were taken from Yaws [11] . The exponents a, b, and c in Eq. (2) are the relative weights of the fuel's physical properties on the spray tip penetration and were found with the same method as above.
The experimental data for isooctane, butanol, ethanol, and a 50/50 mixture of ethanol and isooctane by volume were used to identify the variables of the correlations for both phases of the spray-tip penetration. Inserting Eq. (2) into Eq. (1) yields Eq. (3) for the prediction of fuel spray tip penetration in mm and the values of the constants K, a, b, c, x, y and z are presented in Table 3 .
The transition from the momentum-driven phase to the nonlinear phase of the spray is obtained by equating the linear phase equation to the non-linear phase equation, yielding Eq. (4), where t inj , in ms, is the duration of the pulse-width for which the transition time (t t ) is evaluated. (4) with the experimental results obtained with gasoline, which was not considered in determining the correlation coefficients. On the left side of Fig. 7 , P inj was held constant at 8 MPa and P amb was varied, while, on the right side, P inj was varied at a constant P amb of 0.5 MPa. As can be seen, the correlations successfully reproduce the trend observed experimentally, such as the small difference in fuel spray tip penetration for changes in P inj . In Fig. 7 , the maximum error between the experimental results and the predicted values for times greater than 0.5 ms after the beginning of the injection process is 14% in the case at a P inj of 5 MPa and a P amb of 0.5 MPa. Otherwise, the error is only a few percentage points, except at the very beginning (less than 5 mm) of spray tip penetration.
Lastly, Fig. 8 shows a graph of the predicted penetration lengths from Eq. (3) as a function of all the available experimental data and for all fuels tested herein. The correlations are able to predict the fuel spray tip penetration with a R-squared of 98.4% obtained over 1100 data points. The two dash lines of Fig. 8 are the prediction bounds with a 95% confidence. 
CONCLUSION
The main objective of this work was to propose correlations to predict fuel spray tip penetrations putting in evidence the relative importance of the fuel's physical properties. Thus, experiments were conducted using a pressurized vessel with isooctane, gasoline, ethanol, butanol and E50 for different P inj , P amb , T amb , and pulse-width durations. Correlations were proposed for the linear (momentum driven) and the nonlinear phases of the spray. Fuel density played a more prominent role during the non-linear phase of the spray. On the other hand, the fuel's enthalpy of vaporization is the property that varies the most between each fuel and this large variation impacts significantly the fuel spray tip penetration. Finally, the driven force of the spray in the correlation is expressed as the difference between the injection pressure and ambient pressure divided by the ambient density.
